Poly(vinyl trimethylsilane) (PVTMS) and block copolymers of vinyl trimethylsilane with isoprene were synthesized by anionic polymerization and characterized. The synthesized pure PVTMS has properties similar to a reference material produced about two decades ago and can be used for thin film composite membrane formation. Even at low isoprene content the block copolymers have improved film forming properties compared to the pure PVTMS. However, the presence of the isoprene units in the block copolymers leads to a decrease of the gas permeability but does not affect the selectivity of the membranes ((O 2 /N 2 ) = 3.9).
Introduction
Processes involving polymeric membranes for separation of air components meet much attention from industry. The development of new types of membranes can open an opportunity of membrane based process implementation in the areas where it was not considered to be used before.
Most of the processes of air separation do not require extreme selectivities or permeances. For example, shift of the oxygen concentration from 21% to 50% or nitrogen concentration from 78% to 85% are sufficient for such applications as controlled burning, food storage etc.
Poly(vinyl trimethylsilane) (PVTMS) is known for more than 40 years as a polymer with a reasonable O 2 permeability (40 -44 Barrer) and good O 2 /N 2 selectivity ((O 2 /N 2 ) = 4.0) [1] .
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Integral asymmetric membranes made of PVTMS were industrially produced and used in the Soviet Union and France [2] [3] [4] . As far as we know PVTMS was so far the only polymer produced solely as a membrane material. Unfortunately the production of PVTMS was stopped with the collapse of the USSR.
The PVTMS integral asymmetric membrane has had several drawbacks related to the polymer properties as well as the membrane structure. Its small elongation at break ( = 5%) [2] [3] [4] has lead to brittleness of the membrane; both selective top layer and porous supporting structure were formed from the same polymer leading to a high consumption of PVTMS. The thickness of the selective layer was too large providing O 2 permeance not more then P(O 2 ) = 0.4 .
It opens the possibility to use experimental or tailor made polymers for membranes produced in industrial scale. [5] The current work has pursued the aim to restart the PVTMS synthesis and bring it again into praxis as gas separation membrane material. Homopolymer as well as block copolymers with polyisoprene were synthesized and characterized for various properties.
Several attempts have been made so far to improve the poor mechanical properties of the PVTMS. Gladkova et al. have synthesized copolymers of poly(vinylmethyl trivinylsilane) with poly(dimethyl siloxane) (PVTMS-b-PDMS) since they were considered the most promising membrane materials with enhanced gas permeability and separation selectivity. The technique followed was sequential anionic polymerization in tetrahydrofuran (THF) using sec-Butyllithium (BuLi) as initiator. [6] A further study of this combination of polymeric chains reports the successful synthesis of triblock copolymers of the ABA type (PDMS-b-PVTMS-b-PDMS) in THF using as initiator for the PVTMS difunctional block, dilithium naphthalene. [7] Statistical and sequential copolymers consisting of styrene and vinyl trimethylsilane units were investigated as well. The synthesis of such polymeric materials was conducted in heptane with n-BuLi as initiator. From this study the much faster polymerization of styrene was concluded since the constant of the copolymerization parameter is 5.7 ± 0.03, while that of vinyl trimethylsilane is 0.06 ± 0.01 [8] 3
An additional attempt to improve the mechanical properties of PVTMS homopolymer was done by the sequential copolymerization of VTMS with butadiene (PB-b-PVTMS) by anionic polymerization induced by mono-and dilithium compunds. [9] .
In the current work isoprene was chosen as a comonomer since it is a purely organic polymer with excellent film forming properties and rather high gas permeability as well as O 2 /N 2 selectivity. It was expected that the resulting block copolymers will lead to less brittle films due to the mechanical properties of polyisoprene. Thus film formation should be improved without significant drop in gas permeability and selectivity.
Experimental part

Materials
Vinyl trimethylsilane (99% pure) was purchased from ABCR GmbH. Isoprene and cyclohexane both of 99% purity were purchased from Sigma -Aldrich International. All monomers and solvents were further purified to the standards required for anionic polymerization. The initiator n-BuLi 1.6 M in hexane was purchased from Acros Organics and used without further purification.
Oxygen and nitrogen with purity 99.999% were purchased from Linde AG and used as received.
Polymer synthesis and purification
In order to achieve the synthesis of both homo-and copolymers all materials were purified to anionic polymerization standards [10, 11] . In the case of copolymerization of isoprene and VTMS the procedure followed is given in details: 40 ml (27.6 g) of vinyl trimethylsilane were dried first over calcium hydride for 24 hours at reduced temperature under vacuum. After two freeze-degas cycles it was condensed in a flask containing sodium mirror, made from 1 g of sodium by warming the sodium in the evacuated vessel, and left for 1 hour to react. 4 ml (2.68 g) of isoprene were dried to anionic standards as previously referred in the literature [11] .
Cyclohexane was used as solvent in all polymerizations and was purified by redistillation in the presence of liquid sodium under inert atmosphere, and after freezing and degassing, transferred under vacuum in a flask containing oligomers of polystyryllithium where it was kept. The red color of living polystyryllithium oligomers in cyclohexane was indicative for the purity of the solvent. It is important at this point to mention that the homopolymerization of VTMS or copolymerization of VTMS with isoprene was successful only in the case of high vacuum conditions. First the initiator (0.08×10 -3 moles n-BuLi 1.6 M in hexane) was inserted into the 4 vacuum dried polymerization reactor under inert atmosphere followed by thorough drying of the solvent.. Then it was rediluted with cyclohexane used for the polymerization. The amount of solvent used in all polymerization reactions was equal to the volume of the VTMS monomer since, as it was observed during our very first attempts and also reported in the literature; a high monomer concentration is required for this slowly polymerizing system. Isoprene was inserted into the polymerization reactor and left to complete conversion according to the kinetics proposed by Bywater for the polymerization of isoprene with n-BuLi in cyclohexane. [12] The addition of VTMS was achieved by distillation into the reactor, and the reaction was left to complete for six days at 35°C [13] . During the polymerization reaction there were no samples removed and after the completion the polymer was precipitated into excess of methanol only once. Previous works describe the dilution and precipitation at least three times to separate all lower molecular weight fractions, but in this way the cost of production rises and our goal was to follow a procedure as close as possible to industrial production.
In another approach, both monomers were added to the reactor before initiation. The procedure of drying the initiator and purification of materials was exactly the same as before and the amounts of monomers and solvents were kept the same in order to have a comparison between the conversions of the two monomers.
Polymer characterization:
Gel permeation chromatography (GPC) measurements were performed at room temperature in THF using 5  PSS SDV gel columns (10 2,6-di-tert-butyl-hydroxytoluene (BHT) was added as internal standard to each sample. Raw data were processed using PSS WinGPC Unity software package. Elugrams are flow-rate corrected; polystyrene calibration was used to calculate the apparent molecular weight distribution and the corresponding averages.
Static light scattering was performed on a ALV-CGS 3 using a laser with a wavelength of 633 nm.
All proton nuclear magnetic resonance ( 1 H-NMR) measurements were performed on a Bruker Advance 300 NMR spectrometer with 300 MHz without internal standard (TMS) using CDCl 3 as a solvent.
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Transmission electron micrographs were taken with a Tecnai G2 F20 (FEI) operated at 200 kV in the bright field mode. Ca. 50 nm thick sample films were obtained by microtoming membrane films at room temperature, which were embedded in epoxy. The films were then stained with OsO 4 . to visualize polyisoprene domains. As in one case not clear images could be gained by TEM, also synchrotron SAXS at the A2-beamline of DESY was carried out on one cast membrane film.
Membrane formation
The synthesized polymers were dissolved in toluene as the best solvent for both PVTMS and polyisoprene. The polymer concentration was maintained below 4 wt% in order to work with polymer solutions of low viscosity and to have enough solvent for filling the membrane casting setup with the layer of solution being thick enough for slow (at least 48 hours) evaporation. ) was used to remove toluene vapor from the casting setup. Solvent evaporation was carried out at room temperature. When there were no indications of presence of toluene, the obtained membrane was mechanically removed from the Teflon surface and placed into the vacuum oven where it was evacuated for at least 4 hours at 100°C in vacuum provided by the turbomolecular pumping unit. Only membranes with a thickness deviation less than 5 µm as determined by using a Fischer Deltascope® FMP10 instrument were used for the characterization of gas transport properties.
Density
Polymer density was determined for the membrane samples prepared for gas permeation tests. Hydrostatic weighting was performed in a setup consisting of a Sartorius R200D microbalance (0.00001 g accuracy) combined with Sartorius 6080 specific gravity determination kit. [14] 3M FC77 perfluorinated liquid was used as a media for buoyancy determination since this high density liquid (= 1.772 g cm -3 ) has no affinity to any organic polymer and has a very low surface tension.
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Gas transport properties. O 2 and N 2 permeability coefficients were determined on the constant volume variable pressure experimental setup described elsewhere [15] . Measurements were carried out at 30°C at least 4 times for each gas. The results with the error less than ±3% were taken into account.
Results and discussion
Polymer synthesis and basic characterization
The molecular characterization of the samples proved the successful synthesis of all three types of polymeric materials. The homopolymerisation of PVTMS was known long ago [13] , but according to our knowledge the sequential and simultaneous copolymerization with isoprene has never been reported in the literature. In the case of copolymerization with isoprene its actual percentage was calculated from The sequential and simultaneous anionic polymerization of isoprene and VTMS led to polymers with molecular weights similar to the ones calculated, and the yield of polymerization was in both cases ca. 75% for the VTMS monomer leading to a minor change in the expected molecular weight of PVTMS block.
Due to the rapid polymerization of isoprene compared to the kinetics of VTMS the copolymerization of the two monomers has less statistical distribution and leads basically to a diblock copolymer structure, as indicated by the morphological properties discussed later.
However, the details of this anionic copolymerisation need further investigation.
All molecular characteristics are summarized in Table 1 . As observed in the table but is also mentioned in the literature [13] the polydispersity index (PDI) is higher than expected for this type of polymerization (1.4 -2 instead of polydispersities close to 1 -1.1). Higher molecular weight PVTMS studied by Nametkin et.al [13] contain to a small extent (2-3%) slightly branched architectures, leading to diffusion into the columns and broader polydispersities.
Moreover the n-BuLi intitated polymers are considered to self terminate at low conversion which would appear in the molecular weight distribution curve as a low molecular tail [13] . Weight averaged molecular weights were confirmed by static light scattering in THF solution at 30°C and the difference found was close to 10% from the ones calculated by GPC, thus the deviation did not exceed the error of the molecular weight determination by the GPC method. GPC was calibrated to polystyrene standards. The deviation from the universal calibration parameters in this case is negligible since PVTMS belongs to the class of flexible polymers similar to polystyrene as stated in the literature. [13] All results given in the following Table 1 are not corrected, in order to make easier the comparison with already published results [13] As a reference material the PVTMS recovered from the industrially produced integral asymmetric membrane was used [18] . The membrane was dissolved in toluene; the solution was filtered with a 25µm stainless steel filter in order to remove dust and not dissolved PDMS which was used to seal membrane defects according to the Henis and Tripody approach [19] . About 30 wt% of methanol with respect to the polymer solution in toluene was added to bring it close to the cloud point line. The obtained solution containing about 10 wt% of PVTMS was slowly poured into the beaker filled up with the methanol in quantity 10 fold more then the amount of polymer solution. The precipitated polymer was transferred into another beaker with fresh methanol for complete solvent exchange. After 24hours the polymer was removed from the methanol and dried at 100°C in vacuum.
The GPC investigation has shown that the reference PVTMS (PVTMS-ref) has a molecular weight of 500 kg mol -1 and a PDI of 2.1. The NMR study did not show any peaks attributable to other materials such as PDMS insuring us in the purity of the PVTMS-ref.
The membrane prepared from PVTMS-ref was completely transparent and was easily breakable with the formation of "silver cracks" when bent or cut with the ring knife for gas transport tests. After the gas transport tests membranes had a large number of "silver cracks" at the area of contact with the polymeric sealing ring used to seal the measurement cell of the experimental facility. The same behavior was observed for all studied samples of pure PVTMS and copolymers having polyisoprene contents below 10 wt%.
Table 1
In Table 2 the properties of all homo and copolymers are summarized. The glass transition temperature of poly(1,4-isoprene) is around -80°C [20, 21] , while the glass transition temperature of PVTMS is reported in the literature in a range from 105-144°C. [22] The thermal behaviour of this polymer is more complex due to the existence of possible mesophases [23] . 
Morphology of the block copolymer membranes
The morphology of copolymers resulting from simulataneous polymerizations of mixtures of VTMS and isoprene having relative amounts of 5 and 24 wt% of isoprene were studied by the transition electron microscopy. The samples for the TEM investigations were prepared from the same membrane samples which were used for the gas transport characterization measurements. Their typical thickness was in the range of about 100 µm. The investigation has revealed strong microphase separation of the polyisoprene and PVTMS blocks.
At 5 wt% polyisoprene forms dispersed domains in the PVTMS matrix. The morphology could not be clearly visualized by TEM, so synchrotron SAXS was applied to this sample (Fig. 1a) .
The relative peak positions q*/q 1 at 1/3 1/2 may indicate a hexagonal packing with a periodicity of 76 nm, which would indicate a very strong segretation between the two blocks, as typically for this composition a spherical domain structure would be expected. In any case these peaks prove a microphase separation between the two blocks. A copolymer with the 24 wt% of polyisoprene forms a well defined lamellar structure with a characteristic PVTMS lamellae thickness of 70 nm and a long period above 100 nm, which could not be resolved by SAXS. For that reason the morphology a TEM micrograph of that sample is shown in Fig. 1b . This also indicates a very strong segregation between the two blocks, as for such a composition in most diblock copolymers a cylindrical morphology would be expected. These results clearly confirm the formation of block copolymers, even when both types of monomers are present in the polymerisation reaction from the very beginning. The fact that hexagonal and lamellar structures are found for these relatively low contents of polyisoprene, may be an indication of the tendency of PVTMS to form liquid crystalline phases, as was discussed before [18] . It has also been shown theoretically that block copolymers of a liquid crystalline block and an amorphous block tend to form lamellar staructure over larger compositional ranges as compared to block copolymers composed of two amorphous blocks [24] . 
Membrane transparency
All pure PVTMS membranes were completely transparent. Also the block copolymers were transparent for the eye observation when the polyisoprene content is below 10 wt%. Block 9 copolymers with more the 20 wt% polyisoprene were loosing their transparency depending on the synthetic route: block copolymers obtained via simultaneous polymerization appeared slightly homogeneously milky, while the block copolymers obtained from sequential addition of the two types of monomers had a visible grain structure, indicating macroscopic grains. A possible explanation could be a certain gradient concentration profile along the chain in the case of the simulataneous copolymerisation or even the presence of a very small amount of isoprene units in the PVTMS matrix domain, while the sequential addition of the VTMS after complete conversion of isoprene lead to a sharp concentration change at the block junction. Thus the level of microphase separation achieved in the equilibrium state should be weaker in the "simultaneous" case. Microphase separation of a homogeneously dissolved block copolymer will occur during the evaporation of the solvent, as the solvent's ability to screen repulsive interactions between dissimilar blocks will disappear below a certain solvent concentration.
However, the degree of order during the self-assembling process will depend both on thermodynamic and kinetic factors. Besides the degree of incompatibility (i.e. the segregation strength due to repulsive segmental interactions) and the rate of solvent evaporation also the mobility of the chain segments will play a role and the question, if the block copolymer in the dry state is in a solid or liquid (melt) state, where it can further relax. Since the glass transition temperature of PVTMS is much above room temperature, the block copolymer structure will not further equilibrate, once during the evaporation of the solvent the glass transition temperature of the PVTMS-solvent mixture increases above the actual temperature of the thin film, which might be well below the environmental temperature due to the negative heat of evaporation. From this it can be expected that the formation of a thin film composite (TFC) membranes of such block copolymers might suppress the formation of long-range ordered microphases by an extremely fast evaporation of the solvent. The formation and properties of these TFC membranes will be studied in future.
Molecular weight and film formation
As it was indicated before the molecular weight of the PVTMS-ref is in the order of 500 kg mol -1 . A high molecular weight was required for the formation of the integral asymmetric membrane where PVTMS has to provide the integrity of the selective layer, the mechanical stability of the supporting porous structure and the overall membrane processability. In case of the TFC membranes the mostly required property of the PVTMS is its ability to form defect free thin films and to have the macromolecular size big enough not to penetrate into the porous support made of other materials.
A number of PVTMS samples having different molecular weights in the range of 22 to 190 kg mol -1 were synthesized. It was found that for a molecular weight of approx. 150 kg/mol or higher, the pure PVTMS forms a stable membrane which could withstand the cutting and consequent pressing and exposition to a break-through like gas pressure change in the measurement cell of the gas permeation facility.
The presence of the PIs in the polymer gave a positive effect on the film forming properties. Already at M w = 120 kg mol -1 both "simultaneous" and "sequential" block copolymers formed perfectly processable membranes. The membranes were flexible and withstand the cutting well.
Polymer density
The density of the PVTMS-ref is in a good agreement with the previously published data [14] , indicating that the polymer recovered from different integral asymmetric membrane batches has constant properties. Newly synthesized polymers able to form stable membranes have shown the same density as the reference material, indicating the similar polymer chain packing. Introduction of the polyisoprene blocks into the polymer chain leads to an increase of density, which depends on the amount of polyisoprene. The density of polyisoprene (= 0.913 g cm -3
) [25] is thus higher than the one of PVTMS (= 0.875 g cm -3 ) and the rise of the density in case of the block copolymers was to be expected.
Fractional free volume (FFV) was calculated for the pure PVTMS and PI according to the Bondi approach [26] , in case of the block copolymers the occupied volume was calculated by an additive scheme from the polyisoprene content while density was used for specific volume determination. All copolymers have FFV lower then pure PVTMS and the FFV decreases with increasing polyisoprene content. The FFV data are in compliance with the O 2 permeability data:
lower FFV leads to lower permeability.
Gas transport properties
PVTMS-ref has very stable gas transport properties, which do not change significantly over time. Once prepared the PVTMS membrane can be used for the equipment calibration for a time period as long as years. This makes this polymer distinct from many other newly discovered glassy polymers having excellent gas transport properties which cannot find their way into industrial gas separation because of aging, one of the issues most discussed in membrane science. The aging of glassy polymers is one of the reasons why just about 10 polymers are used 11 nowadays for permanent gas selective membrane production [27] The introduction of the polyisoprene block into the PVTMS matrix leads, however, to a significant drop in gas permeability. For the "simultaneous" and "sequential" block copolymers having PI spherical microdomains (PI content is < 10 wt%) there was no significant difference in properties and the total O 2 permeability drop was 37% while the O 2 /N 2 selectivity remains on the PVTMS-ref level. The lamellae forming block copolymers (PI content is > 20 wt%) caused up to 53 % drop in O 2 permeability. At high PI content a difference in permeability was also observed for the "simultaneous" and "sequential" block copolymers. The latter one displays a worse permeability which we believe to be related to a more perfect alignment of the lamellae parallel to surface, leading to a rather continuous layers of polyisoprene lamellae effectively blocking the permeation of gases. The "simulataneous" block copolymer displays a less ordered structure on a macroscopic scale and therefore shows more continuous paths or PVTMS domains across the membrane.
The presence of polyisoprene in the membrane does not affect considerably the O 2 /N 2 selectivity. It appears that the much lower gas transport properties of polyisoprene (P(O 2 ) = 23.5
Barrer, (O 2 /N 2 ) = 2.48 [28] let it act as an impermeable additive to PVTMS. Thus mainly the permeability of the membrane is reduced without significantly affecting its selectivity.
Conclusions
A number of film forming polymers of pure PVTMS and block copolymers with polyisoprene were synthesized. An attempt to obtain a random copolymer by simultaneously copolymerizing isoprene and vinyl trimethylsilane revealed that due to faster polymerization kinetics of isoprene this monomer forms the first block followed by the PVTMS block.
Depending on the chosen composition, spherical or lamellar structures were obtained as clearly visible on TEM images and by SAXS measurements. But despite the fact that these copolymers were not random at all, their gas transport properties were different from the corresponding block copolymer obtained by truly sequential polymerization in the lamellar case.
The polymerization technique allowed us to obtain yield of ca. 75 wt% with respect to conversion of VTMS and to obtain smaller final polydispersities than the ones reported in the literature.
The block copolymers have generally better film forming properties than pure PVTMS of the corresponding molecular weight, but show lower O 2 permeability coefficients while the O 2 /N 2 selectivities remain close to the one of pure PVTMS. A main advantage of these block copolymers is the fact that stable membranes can be formed for molecular weights significantly lower than those for film forming PVTMS.
The pure PVTMS polymers synthesized in this study have a low polydispersity and show O 2 permeability superior to the more polydisperse reference polymer. Future work will include further reduction of the amount of polyisoprene in these block copoylmers in order to improve the film forming properties of PVTMS without loosing its gas separation performance. 
